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Abstract: In order to explore the correlation between physicochemical indexes, volatile flavor and microbial diversity
during the fermentation of red millet Huangjiu, high throughput sequencing of microorganisms, physicochemical index

detection and gas chromatography-mass spectrometry were used and SPSS software was applied for correlation analysis.
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The results showed that during the progress of fermentation, the content of reducing sugar decreased rapidly at first and then
became stabilized gradually, while the trend of alcohol content was opposite; the content of total acid increased rapidly in
the early stage, then decreased and finally increased again, while the pH value stayed at a same level; the alteration of amino
acid nitrogen level was volatility rised in the beginning and then increased fast, while soluble solids content first declined
quickly and then kept stabilized. A total of 14 bacterial phyla and 228 bacterial genera, 7 fungal phyla and 108 fungal
genera were detected in 10 stages (1~7, 10, 20, 30 days) during fermentation. At the genus level, the bacterial community
could be clustered in 3 types, and the fungal community could be clustered in 5 types. Bacteria genus levels were positively
correlated with total acid (P<0.05) while negatively correlated with reducing sugar (P<0.05), and fungi genus levels were
positively correlated with amino nitrogen (P<0.05). 2,3-Butanediol and ethyl lactate were positively correlated with most of
the bacteria (P<0.05). Klebsiella was negatively correlated with ethyl octanoate (P<0.05), while Lactococcus was
negatively correlated with ethanol, 2-butanol, isobutanol, phenylethanol and ethyl palmitate (P<0.05). Monascus was
significantly negatively correlated with ethyl lactate (P<0.05), while Apiotrichum was negatively correlated with 2-butanol,
isobutanol and isoamyl alcohol (P<0.05). Our results indicated that the microbial diversity significantly changed during the
fermentation of red millet Huangjiu, which had a certain correlation with the physicochemical indicators and flavor
variations. These findings provided a theoretical reference for the subsequent study on quality improvement and deve-
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lopment of red millet Huangjiu.
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1.2.2.2 HABFRICFEPRAOIaE RS . B . pH.
SAREZSA: PR GB/T 13662-2018HH Y2 . T
PE ) B A S A
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&L DNA, F 1% LI P EE R H vk Kl DNA 2 Hegh
5, F NanoDrop 2000 AR TCCEE TG DNA
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# 1 KEIFED AR R
Table 1 Physiochemical indexes of red millet Huangjiu during fermentation
TRAE i) (d) Sk (g/L) A (g/L) TR (%vol) MR (g/L) pH BHER(gL) AP ETEY) (%)
1 - 49.37+0.35 1.30+0.07 3.54+0.06¢ 3.79+0.01° 0.28+0.01" 22.02+0.03°
2 - 27.59+0.29° 3.73+0.06! 5.69+0.07" 3.73+0.01° 0.26+0.01¢ 15.54+0.05°
3 - 21.53+0.14° 9.28+0.11" 6.84+0.11° 3.68+0.01° 0.50+0.03" 10.63+0.12"
4 - 17.78+0.35¢ 10.98+0.02¢ 7.6120.09° 3.67+0.01° 0.59+0.03¢ 10.3620.02)
5 - 15.26+0.06° 11.81+0.03f 7.22+0.10% 3.66+0.01° 0.50£0.04" 10.59+0.03'
6 - 12.50+0.27° 12.06+0.06° 7.18+0.12¢ 3.73+0.01° 0.52+0.01¢ 11.03+0.05°
7 - 12.36+0.32¢ 14.7340.03¢ 7.2240.06% 3.70+0.01° 0.59+0.02¢ 11.1440.08°
10 - 9.48+0.06" 15.23+0.02° 7.37+£0.07¢ 3.70£0.01° 0.67+0.03° 10.78+0.04%
20 - 6.32+0.09' 15.55+0.06° 7.56+0.08" 3.69+0.01° 0.79+0.03" 11.18+0.06%
30 9.18+0.01 5.93+0.07 14.63£0.04¢ 7.80+0.06* 3.66+0.01° 1.06+0.04* 12.2540.13°

H:[A] =41 T AR TF] T BEAR HE Duncanill 4 (P<0.05) 75 25 5
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Table 2 Contents of volatile flavor compounds in the fermentation process of red millet Huangjiu
. FES
P9 i (ug/L)
1d 24 3d 4d s5d 6d 7d 10d 20d 30d
. s 52134405 14991588 37305594 440094145 47457274% 48459904+ 592017.14+ 61181441+ 624836.10+ 587669.00+
337721° 782552 273125  33771.12° 35896.78° 36217.20° 43982.99°  462347°  46122.93°  40266.84°
s 136165 271044k 4769505 ST23S0+ 6101275 656499+  6590.94% 768723k  7409.12¢ 659843+
2 - 11290°  169.74°  217.92¢ 17932¢  432.55%  462.11°  45320°  538.84°  501.22° 482.97°
g 252925 3726785 1028437+ 1183558 1196942+ 1252591+ 1269931+ 1349110+ 12715775 11000.01%
3 7 14.16° 4521° 71425 861.27%°  877.09" 212844  92420% 823470 104513  556.07%
g 02721 939446:  26445.11% 2988860+ 3039338k 3132360+ 32U88.63: 32652645 3015971+  25630.71%
4 F# DR 4397°  59851°  1802.96° 194533  2001.87°  2511.32°  2311.46°  2395.74°  2022.47°  1731.82"
y o YOSIlE 558075k 2367.33+ 2747.25+ 3009.86=  11008.34+
50 23— 155209 472.46° nd 152.07¢ nd 161.26% nd nd 195.45¢ 812.49°
6 sz " 21012+ 61844+ 74998+  896.08=  766.61: 114951+  790.86+  826.64% 768.82
15.20¢ 4475 51.32¢ 60.83° 52.77° 84.58° 61.74¢ 63.99" 51.66°
(2R3R)-(-) d d 1468221+ 1124510+ 1300201+ 12778.78+ 3313236+ 2329.19+  12859.08+  1128.39+
23-Tom N n 1221.45°  95479°  1106.94%  94232%  2236.14°  156.89°  912.15* 12.96¢
L 390.71= 505339+ 2216620+ 31087.09+ 34667.14+ 32015.80+ 5282830+
a Mé‘ b
8 ML ) s 402.14°  1499.96°  197623°  2120.59°  2249.78" nd nd nd 4135.98°
o FOmoms 6899 346105 726955 81686+ 80827+ 85083 58572 99791k 57487 983.36=
. 3.99 20.11¢ 32.54¢ 55.96" 43.50% 51.23° 47.93¢ 109.26° 61.99¢ 71.84°
0 Emoms 048 17843 443655 50577+ 47051 46003 414026 78676:  369.50= 947.07+
2.48¢ 9.56' 34.08% 39.58¢ 32,47 31.51% 29.88% 56.29 25.33¢ 65.37°
0 M nd 73,11+ 183.41= 21419+ 21328+  191.51=  203.71%  9390.10+  164.66= 216.88+
8.16° 20.48° 13.94° 17.89° 23.47° 14.75° 772.18° 12.43° 11.76°
B 274213+ 7769.50+ 881640+  7893.18+  9570.82+
12 H nd 161.57¢ nd nd 52279 625.15% 58634  756.13° nd nd
7 KOS R 160.67+  682.85+  870.78= 93524+ 102141+ 81881+ 95575t 60541+ 356.37+
13 FEOHE - nd 11.76° 52.66° 64.95" 65.19% 41.05° 60.92¢ 82.14% 44.68° 27.17¢
P 1931924  2858.62+  2263.65+ 1733761 255516+ 531044+ 322008+  3020.13%
14 PSR nd nd 14178 189.47%  159.74%  164.01'  170.94%  414.03*  244.88° 181.45°
— 835.87+ 142052+ 139843 234432+ 652239+
15 4 2 nd nd nd nd 55.21¢ nd 109.65° 111.99° 171.20° 461.68°
90037+ 103708+  981.03+  878.05: 126471  801.17+
v 73 =3
16 MR ZHE nd nd nd nd 72 50% 5430 79 ggbe 66.20% 87.04° 53 19¢
- 14603 1787.13+ 397475+  4153.82+  5194.03+ 443139+ 791591+  5627.81+  5407.60+  5869.98+
17 10.42 83.11° 122.89° 31155  371.54° 32398  581.46°  43885%  415.57% 318.94°
T8 11836+ 17474+  170.91= 26802+ 27049+  161.97+
18 2 nd 10.35¢ 30.21° 12.87° nd nd 17.69° 18.25° 9.24 nd
o 136463+ 239731+  7289.98+ 7461452+ 777020+ 925033+  11057.09+ 1645875+ 16669.98+  6572.29+
19 15458  157.69°  500.00°  460.00°  52222°  601.12°  1001.12°  1200.05*  1320.56' 44321

T ndZRos BAT RN E]; [7)—47 A [ 5 BEAR i Duncanil] 46 (P<0.05) A7 #5225+

BRAIAETR | K LTSRS BT B XUBR A AR R B
s, Horh, 208 CBEE Bifm, AN 390.71 pg/LOK
% 1 )51 52828.30 ng/L(& 1% 30 d). ey
TEJE 5 11 (20~30 d) P B 2R, Ui 5 & IR B2
—SEPEE (FLAR 20 . TR TR ) T A Y g 1A, T
&R AT D aE i 2 LR . AT PILIR S b TR i B A
P KW 30 d B9 EETRAE ML A 2 R A N
6572.29 ng/L, 1E R BERTHA SR I3 b T, Ja i
[A] 238 R R (P<0.05) o X Ui FH7E & 18 5 1] 2 Y
MR IV E R R AR — R fi o

BIFIE K B0, 254 2 e RESG N 250708 Hh 19 i AR R
FERVEALED), e Gt . RIS R e
PLER (UANBRFAMR . FLARSE) X 0 B4 XUBR A9 T il =2
A HEBFZP, IR A T KR AR, HoEf
I A TERR, 5T EAERY 20% DL . B, BE.
fige | PSS XU 420 o3 14 AR B Rl-G, T T AL A T R

W R UME R E R .
2.3 %BEHIIES Alpha SHM O

R 3 s, 10 YRR 41 RN =L B AN 2 5 1Y
OTU B NE43 5 M 438 Fll 246, 1 97% AHALLEE I
BLR, 40E ACE 88N 252.34~372.68, Shannon &
¥R 1.65~4.72, Chao 1 #8440 234.03~395.22, #4 55
3 99.90%~99.94%., KW 5 d Fl1 20 d 4B Chao 1
FEEUR ACE #8808 E R =, RWILHEE 5 d F120 d 44
R EE RS, BRI NE S, Kt 4d
Y Shannon 8% =1, B IS 2 WTREAR, 7T REE A i
R IR, TR I = R R R RO 2 i A K
SZAMH o

KT E R ACE $8%Ch 96.59~220.62, Shan-
non $5%0°H 1.28~3.69, Chao 1 #5504 89.50~176.00,
PEFEH 99.97%~99.99% ., A# 30 d 1) Shannon $5%X
R, RV R BEES IR NP M 2Rt v T R T
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Table 3 Table of bacteria and fungi diversity indexes during fermentation
— 52 lke OTU%k Shannonf§%§ ACEHR %L Chao 1484 R (%)
FHTE (d

BN LI g EE Eiife) EEN; <) BN} REN; o} Eiifes) EEN; <) E2iiNes) =N <)
1 79366 79394 180 98 1.65 1.65 252.34 164.75 234.03 132.00 99.92 99.98
2 79687 78917 282 80 3.07 1.28 316.16 96.59 323.78 99.43 99.94 99.98
3 79363 79016 182 82 2.06 1.50 320.19 97.55 273.29 89.50 99.91 99.99
4 79431 78854 306 76 4.72 1.31 348.57 123.28 363.42 94.20 99.90 99.98
5 79393 78917 333 81 4.55 1.38 372.68 102.29 395.22 92.00 99.90 99.99
6 79496 79363 257 88 2.54 1.35 319.24 113.88 317.61 97.43 99.91 99.98
7 79458 79037 225 88 2.33 1.53 284.51 123.51 275.73 101.60 99.91 99.98
10 79498 79231 300 85 4.35 1.30 331.40 104.22 328.75 92.86 99.94 99.99
20 80053 78769 341 107 3.74 1.96 369.03 185.14 384.13 149.00 99.94 99.97
30 79533 79367 280 146 2.44 3.69 318.96 220.62 321.62 176.00 99.93 99.98

AREEHOTUEASL 438 246

A SIZBOAE At o 400 B L B S22 T SR AR e, A
AU 7485 SR FEAS BEMSA C R A L B RTE I o

24 ABIREPEESWTE

2.4.1 YRS TEN K 10 BV HY 14 4>
AN T, FEEA T CPEE KT 1%) A 2T A5
I"](Proteobacteria) . JEBEEEH [ ] (Firmicutes) . R
I"J(Actinobacteria) FIHLUATEET J(Bacteroidetes ) (5] 1a).

Unidentified Others

BXA Bacteroidetes Actinobacteria

@ Firmicutes Proteobacteria

S

AN

Aze

R AR N R A LA A AR ARy

R

PP PP PP

E= Unidentified E& Others Blautia
Burkholderia-Caballeronia-Paraburkholderia
Escherichia-Shigella
Faecalibacterium A Lactococcus

£ Bifidobacterium Lactobacillus B2 Klebsiella

Pediococcus

(b) 1.0

w&&&&&&&&@@
Bl 1 R AR AR A JE S A
Fig.1 Changes in relative abundance of major bacterial phylum
and major bacterial genus during fermentation
TE:a: 1, b J&, & 3 [;JZ1~J27. 28, 129, JZ10 43 HFm %
% 1~7. 10, 20, 30 d UkE, 5] 2~ 4 [F],

10 IR vh 35578 434 BLAERT B8 &5 19 Proteo-
bacteria 1 Firmicutes. Z%JE B [ ]2 4l B H e K —
I, EFEAR 220 IR, ARG AT s . YT T IR &35 44
FFPZIEEO, Az K] 432 B A et R P AIGARL. =R
15 LSRR I

TEJE 7K 10 YA Y 228 D ANE &, 32
PR CFYE & ERT 0.1%) B i A K& (Kleb-
siella) . LB A H )& ( Lactobacillus) . X ¥ 5 &
(Bifidobacterium) . FLERE )& (Lactococcus) . ZEFT
J& (Faecalibacterium) . 7 3R J& (Pediococcus) . K
IR QB -8 [ & (Escherichia-Shigella) . Burk-
holderia-Caballeronia-Paraburkholderia . A5 LG
J&(Blautia) (] 1b) . KIS FZRAEE N K-
ebsiella. Lactobacillus . Lactococcus Fl Pediococcus o
Bt K THEEAT Lactobacillus AAXT = B B Wi in Jf-1e
REAIH R A XTI B &, 3 556 FE A b A2 L
AT T & AU R TE KT A T B Bz i il o U R 4 R —
O, ZLAFRETE . RrEREEE . ZLERTH S #R2 LR A,
LI PR AE R S R P BB FH A BN A LR S
K H pH, 3 HELIRS 2B = A i BESSE h EE
FERARA 5T, [RIA LI s A G AR L BRI 2 e T~
LE SR NN ORI 7% B % S) R i E | 2 U S OSSR S
SO B, FR T AT R S S A AR T P9 R TR
W), BEAE A IR At A SO R R A XA TRt ™
ABPLIRP s ZEEFFEE 1Y o-DER BERE 1 FTH AL GG
AR P73, G FF B S R B P L, (B4 3 B
R R IR ZE AT PR, 33X T Re 2 i R R Bt T 250
A, 2 e H AN R
2.42 AHEIEATEAAARRIE  h NMDS E (& 2a)
AN, K 3.7 d ANEE B AFEVR RIS — 5B &l
2.4.5.6, 10,20, 30 d MY IEJEHEEROT, #REEIT
R 25 SN R R 1 d AN P s 2 H At & 1R [A]
HY, 22BN BRI AR ZH . AniEl 2b, 10 YREUAE4H
JEBEE T 48 3 28, R 3. 7 d IIANTE & iFETE ] 2R
2, KIE2. 4.5, 6,10, 20, 30 d B4 )@ BEYS
BR—J, K1 d A& Py —25 . NMDS 15
IINTES SN Beta S0 MR AR
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Fig.2 Community structure similarity analysis of
bacterial genera

TE: a: AF i ZAERZ AL, b: JET Beta ZAEPERE B AOHE
A JZ PRI [ 4 [l

2.4.3 HEEEM TR B 10 YEBUREHAS I HY
TAHERE], FECFHEERT 1%) TR
(Ascomycota) . #HF ] (Basidiomycota) (&l 3a) .
TEREA KT FE T Ascomycota JE48 XLV ], T4
I R R e AR . AT RERIH TR
P IR w7 A e AR T AL B, U2 P M B
LGP R E WD EEE AN, TR AL
2545 BT (BRI BB 55 ) J2 B IR i Tl 1 LAt
BRIARM

RSP L 10 IRBUREHAS I H 108 > B FE &,
FEWEREE CPFESERT 0.1%) G a5
(Monascus) . Bt JE (Saccharomyces) . FE{AMRFELN
K8 (Cyberlindnera) . Apiotrichum . K EGREER:
J& (Millerozyma) . Saitozyma . 9 J]1 )& (Fusarium) |
kSR (Alternaria) . ¥5 M JE (Mortierella) . 57T
¥ & (Cladosporium) (€] 3b) . NG A&z BRI E
TR 7 2H ARUE - BEAFAE RS R 26 5% . Monascus .
Saccharomyces 1€ KAt h 2L A EER . BEEE
WEE P EE AR BN KRR . Ry OEERe T, &
i 52 PE58, Be R Al 2 . 22 20 A P 2R G, AE
BRI Tl A 2 B M, J2 P R e R s
T DIHERRAR,
2.4.4 FWHBREIESSMARRIM: B EFERGT T (E 4a)
A, KEE 2. 3. 7 d B R VR LR BT, 255
BN BBE 4.5, 6. 10 d W E BB BEIEESI0T, 22
SEPERS /N E 1. 20, 30 d B9 B B v 44 B LAt

Unidentified
(@) 3 Others
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R
N
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Fig.3 Changes in relative abundance of major fungi phylum
and major fungi genus during fermentation
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Fig.4 Community structure similarity analysis of fungi genera
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5AERE, KR 2.3, 7Td MEREBER N—IE, KHiE 4.
5.6.10d WERER I, KB 1.20.30d WE
B E S B g —2% . Beta S0 HT45 95 PCA 4307
BEMAHLL

2.5 ABIREPREMESESKEBEX M

2.5.1 FAbIEAR 5T R AR SCPE ST R
SPSS HAFXH 4T 4% Wi K e od F b FRAk e bR S ik
Y ZFEVEBEAT Pearson AHSCHESTHT. AN 4 PR, 4
TR 2 FE P 5 a8 JEObE 5L 3 AR oG, M DG R B
—0.664(P<0.05); 5 AR5 W3 IEARSC, FAC R ECH
0.644(P<0.05); I A5 B AR W2 EAE
5%, FRFRECH 0.643(P<0.05) .

# 4 REESREP IR S U Y 2R DG
Table 4 Correlation coefficients between physicochemical
indicators and microbial diversity during fermentation

febr WYAEEE CEARE O BBR pH TTRMEREDEY EESA
M 0.558 —0.664" 0.644" —0.600 -0.536 0.499

HE 0191 -0.124 0.022 —0.035 0.219 0.643°
s * R A (P<0.05) o

2.5.2 AR SHEEMEYITAHCH: B S BoR
WAE SR ARG IS, 3 AR S A
PHALE ) B EAR X (P<0.05) . Klebsiella 5714 2.1
W 35 1 AH 6 (P<0.05) 5 Lactobacillus 5 2,3-T .

0.5

-0.5

-1.0

FLIR 2 PR 2 IEAH = (P<0.01) 5 Lactococcus 5 2.
B, 2- T, ST EE. PR O EEFERANRLR 208 52 25 1
A (P<0.05) . HWFFRERY] Lactobacillus J2-¥ 7571
VR 25 PN R I ok R b e i DL EE B AR W TR AR
Lactobacillus TEA) 25 A 7AE, RER I #HEFZ 1k
ShFLIR, AR ARFLIR O EeHEAR Y, MiFLIR 2. HR
S I T E I R 52—, Lactobacillus Fil
Klebsiella 5TR S INESHR AR DGR,

9 NEEE ST A MG B EAE K (P<0.05) .
Monascus S5FLER B W TAHSE(P<0.05); Cyberlin-
dnera 5 2,3-T T IEMZLIR stk W38 IEAH G (P<
0.01); Apiotrichum 5 2-T B, 5T BN S 80 HE 3%
TAHFK(P<0.05); Millerozyma S5IVIHIR ZHEFI LI .
FHAF(P<0.05); Saitozyma . Fusarium ., Alternaria .
Mortierella 71 Cladosporiu 5 2,3-T 1 LI M FL R
ZTig i 3 A EAH2E (P<0.05) 5 Fusarium 5 2. 1% 2155 Fl
AR 216 3 IE AR OE (P<0.05) s HE SR AN A5 WFSE %
BUK 2 AR (LD & 55 R S R IR R v A R
SRR TR RS, X S AR TR, BER:
BB TER B R TP KR BT 2 4R, SFLIR &
BRFNNE IR 2 B 2 EAESEN, WA SCES SR Pz B e E
52U L ER T AHSG, 5L LB R IEAHSE, HEE R
FFEA N (P>0.05) . &S 5 RIS A BRI
FAIAE, 5 RBRIGTE B OG22 D19, feas S op KiEAT
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Fig.5 Heatmap of correlation between microbial community and volatile substances during fermentation of red millet Huangjiu
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